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Integration of electrochemical capacitors with silicon-based electronics is a major challenge, limiting energy storage on a chip. We describe a wafer-scale process for manufacturing strongly adhering carbide-derived carbon films and interdigitated micro-supercapacitors with embedded titanium carbide current collectors, fully compatible with current microfabrication and silicon-based device technology. Capacitance of those films reaches 410 farads per cubic centimeter/200 millifarads per square centimeter in aqueous electrolyte and 170 farads per cubic centimeter/85 millifarads per square centimeter in organic electrolyte. We also demonstrate preparation of self-supported, mechanically stable, micrometer-thick porous carbon films with a Young's modulus of 14.5 gigapascals, with the possibility of further transfer onto flexible substrates. These materials are interesting for applications in structural energy storage, tribology, and gas separation.
T he plethora of portable electronic devices and the continued expansion of electronics into new mobile applications highlight the need for high-performance miniaturized electrochemical storage devices able to deliver energy from their environment. Radio frequency identification (RFID) tags for the development of smart environments are another critical application that requires compact energy storage. Accordingly, designing efficient miniaturized energy storage devices for energy delivery or harvesting with high-power capabilities remains a challenge (1) .
Electrochemical double-layer capacitors (EDLCs), also known as supercapacitors, store the charge through reversible ion adsorption at the surface of high-surface-area carbons. Aside from an outstanding cycle life, this electrostatic charge storage results in devices with medium energy density (~6 W·h kg ) and high power densities (>10 kW kg −1 ). As a result, supercapacitors complement-or can even sometimes replacebatteries in applications from electronics to public transportation and renewable energy storage, in which high-power delivery and uptake and very long cycle life are required (2) . A large variety of materials such as graphene (3) (4) (5) , nanotubes (6, 7), carbide-derived carbons (CDC) (8, 9) , and pseudocapacitive materials (1, 10, 11) have been explored in micro-supercapacitors in the past 5 years. Much of the recent work focused on the use of wet processing routes (using colloidal solutions or suspensions of particles for the electrode preparation) for the development of flexible micro-devices for printable electronics (1, 4, 5, 12) . However, the wet processing methods are not fully compatible with semiconductor device manufacturing used in the electronics industry, thus hampering supercapacitor manufacturing on silicon chips. Vapor phase methods, such as atomic layer deposition, are limited to the preparation of thin layers of active materials, limiting the areal energy and power performance of the electrodes (13, 14) . Direct growth of graphene or carbon nanotubes on a Si wafer results in low-energy-density devices (15) . The pioneering concept of laser scribing of graphene developed by Kaner's group for preparing flexible micro-supercapacitors has shown outstanding power performance but fails to achieve high areal capacitance (< 5 mF cm -2 ) (3, 5) . Another strategy is to use pseudocapacitive materials, which have a larger capacitance, but moving from pure double-layer to pseudocapacitive charge storage comes with disadvantages, such as a decrease in power capabilities and cycle life because of the kinetic limitations of the redox reactions (10, 11, (16) (17) (18) (19) (20) . Bulk CDC films (8, 9, 21) have shown high capacitance and high areal and volumetric energy density but poor integrity of the film from cracking and delamination (9) .
To produce carbon films, TiC coatings of several micrometers in thickness were deposited by using a direct current magnetron sputtering (DC-MS) technique (supplementary materials, materials and methods). Shown in fig. S1A is a cross section of a 6.3-mm-thick TiC film deposited onto a SiO 2 -coated Si wafer, by using the DC-MS technique. The resistivity, thickness, and mechanical stress of the TiC film can be fine-tuned by changing the deposition parameters ( fig. S1 , B and C). The film thickness changes linearly with the deposition time ( fig. S1D) the TiC film into CDC (8, 9, 21, 22 ) with a growth rate of 1 mm/min (table S2) Because of the partial chlorination, the transformation of TiC into porous CDC was, for the first time, achieved without any film delamination at either the CDC/TiC or TiC/SiO 2 interface. The presence of the~1-mm-thick underlayer of TiC keeps the TiC/SiO 2 interface identical to the one observed before chlorination, with no trace of delamination or cracks.
Last, this TiC layer not only acts as a buffer and adhesion layer that accommodates the mechanical stresses between the Si wafer and the porous CDC but also can be used as a current collector because the electrical conductivity was kept above 10 3 S cm −1 (table S1).
Raman spectra of the TiC film before (Fig. 1C , red) and after ( , and 608 cm −1 , which are attributed to the TiC (23). The peaks completely disappeared after chlorination, and only the D and G bands of graphitic carbon, fairly typical for TiC-CDC (8, 21) , were visible, thus confirming that Ti was removed during chlorination.
We measured the pore volume and the pore size distribution (Fig. 1D) and a very narrow pore size distribution (Fig. 1D) , with a mean pore size of 0.59 nm and no pores larger than 1 nm. This zeolite-like pore size distribution confirms a very uniform structure of the film. The transmission electron microscopy (TEM) investigation (Fig. 2 ) of a thin cross-sectional sample prepared with the focused ion beam (FIB) technique revealed a rugged interface, with sharp needles of TiC penetrating into the carbon layer and providing excellent adhesion (Fig. 2, A to  F) . CDC shown in Fig. 2 , G and H, was analyzed by means of high-angle annular dark-field scanning TEM (HAADF-STEM), and the estimated roughness and porosity of the surface were less than 1 nm.
The electrochemical characterization of the TiC/CDC films on Si wafers was performed in aqueous (1 M H 2 SO 4 ) and organic (1 M EMI, BF 4 in acetonitrile) electrolytes in three-electrode cells. After chlorination, the samples were annealed under vacuum at 600°C for 2 hours so as to remove trapped chlorine and chlorides, as evidenced with Auger spectroscopy (fig. S3B) . Cyclic voltammograms of a CDC sample in 1 M H 2 SO 4 electrolyte, at 20 and 1 mV s −1 (Fig. 3A) , have a rectangular shape typical for capacitive behavior. The slight current increase at negative potentials during negative sweep below -0. areal capacitance, respectively. Cyclic voltammetry at low scan rates provides evidence of a low-leakage current in the cell. The electrode capacitance was stable over 10,000 cycles (Fig. 3B) . The change of the normalized capacitance versus the potential scan rate provides evidence for the high power capability of these films (Fig. 3B, inset) as more than 200 F cm −3 (100 mF cm , which is in line with the data reported for TiC-CDC films (8) . Annealing at 600°C under H 2 atmosphere opens carbon pores (22) , thus improving accessibility to large EMI + ions compared with that of a nonannealed sample ( fig. S3C ) without affecting the adherence at the CDC/TiC interface. CDC pore size, which determines capacitance, can be controlled with the synthesis temperature (8, 21, 22) . Shown in Fig. 3C are CVs of a 2.2-mm-thick CDC film on a Si/TiC/CDC electrode prepared through partial chlorination at 700°C for 30 s, obtained at different rates. CVs show a typical capacitive behavior within a potential window up to 3 V, resulting in an improvement of the energy and power density (Fig. 4) and the volumetric capacitance reaching 160 F cm −3 at 20 mV s −1 .
Following the electrochemical characterizations of the CDC films, two-electrode microsupercapacitor devices were manufactured and characterized. Micro-supercapacitors containing nine fingers per polarity (2 mm long, 100 mm wide, with 15 mm separation) (Fig. 3D) were prepared according to the different steps detailed in figs. S4 and S5, A to C. A picture of a 7.62-cm Si wafer containing 40 patterned micro-supercapacitors is shown in Fig. 3E , thus confirming that the process can be easily scalable. Ti/Au film was evaporated on both sides of the large pad for ensuring electrical contact. The CVs of a microsupercapacitor in H 2 SO 4 1 M electrolyte are presented in Fig. 3F . In this example, the chlorination of a 3.5-mm-thick patterned TiC layer led to formation of a 1.4-mm-thick CDC film. The electrode volumetric capacitance reached 350 F cm −3 , which is in line with the electrochemical performance of three-electrode cells presented in Fig. 3A . The slight decrease of the volumetric capacitance compared with that of a single electrode (410 F cm ) may originate from very small separation (only 15 mm) between the electrode fingers. The capacitance change with the potential scan rate is shown in fig. S5D ; the initial capacitance is 350 F cm , thus outperforming the state-of-theart micro-supercapacitors (1, 16, 17, 27, 29, 31) , as can be seen in the volume-normalized Ragone plot in fig. S6 showing performance of microsupercapacitors in interdigitated and parallelplate configurations. Because performance per device area is a key metric for the integration of electrochemical capacitors with Si-based electronics, Fig. 4 shows an area-normalized Ragone plot. Compared with other carbon-based systems, our devices show the best performance in terms of areal energy and power density in the parallelplate configuration. Moreover, our present results obtained with carbon materials even compare favorably with thick pseudocapacitive laserscribed graphene (LSG)/MnO 2 composite electrodes, achieving a very high areal capacitance of 800 mF cm (Fig. 3C) . "This work (c)" refers to 1 M H 2 SO 4 , 1.4-mm-thick, interdigitated microdevice (Fig. 3F) . Numbers in brackets are cited references.
of faradic materials with a narrow operating potential window (13) .
The mechanical properties of the films reported here differ from cracked and low-strength CDC films that frequently suffered from delamination upon cycling (9, 21) or graphite, activated carbon, or nanotube films, in which particles are weakly bonded by van der Waals forces or kept together by a polymer binder (5-7, 31, 35) . The load as a function of the displacement plot for a 5-mmthick CDC film is shown in Fig. 5A , using a Berkovich indenter (supplementary materials, materials and methods). The CDC coating shows a hardness of 1.6 GPa and a Young's modulus of 14.5 GPa, which are in good agreement with the literature (36) , with a large elastic contribution (>75%) to the loading. The excellent adhesion at the TiC/CDC interface is also confirmed by the propagation of the fractures from the CDC down into the TiC layer (Fig. 5A, inset) , with no crack deflection at the interface, suggesting that the CDC film has mechanical properties comparable with that of TiC (36) .
Penetration depth during a nanoscratch test and residual depth after the test are plotted versus the distance and normal force (Fig. 5B) . The delamination of the coating occurred for a normal load of 130 mN, which corresponds to a work of adhesion of 18 J m -2 . However, the residual depth (Fig. 5B, blue plot) remains 0 during the first 0.6 mm of the scratch tests (up to a normal force of 40 mN), giving evidence to outstanding elasticity of the porous CDC film. The friction coefficient measured during the scratch test (0.2) is twice lower on the CDC surface than on the TiC surface, highlighting the lubricating effect of the coating.
Increasing the chlorination time t 2 of the TiC film (Fig. 1A, down) leads to the separation of CDC from the Si substrate and formation of selfsupported CDC films of several square centimeters in area ( fig. S7, A and B) . The CV at 20 mV s −1 in a 1 M H 2 SO 4 electrolyte is shown in fig. S7C .
Similarly to the partially chlorinated films, a high capacitance of 180 mF cm −2 (300 F cm
) was obtained. By tuning the pressure in the chamber during the TiC deposition process (0.001 mbar) and the chlorination temperature (350°C), internal stress in 3-mm-thick TiC films led to CDC rolls (Fig. 1E) . Such rolling has been observed for CVD semiconductor films (37) . A TEM image of the film ( fig. S7D) shows its amorphous structure. The excellent mechanical properties as well as the absence of large pores or cracks (Figs. 1B and 2C), which would act as defects that weaken the film, may be responsible for the observed film integrity after separation. X-ray photoelectron spectroscopy (XPS) analysis shows that the freestanding films have similar composition from the film surface to the bulk (Fig. S7, E and F) . Another key feature is the possibility offered by these freestanding CDC films to be transferred onto flexible substrates, as shown in fig. S8 , A and B. The electrochemical performance of a 8-mm-thick CDC film transferred onto a flexible polyethylene terephthalate substrate reached 240 mF cm −2 (300 F cm −3 ) in the 1 M H 2 SO 4 electrolyte. Additionally, freestanding patterned CDC microelectrodes could also be prepared from the full chlorination of patterned TiC ( fig.  S7G ), which is promising for further development of high-performance stand-alone supercapacitors that could be used in flexible or wearable applications. 
